Introduction
Glassy carbon (GC) is a disordered polymer-like, nongraphitizing form of sp 2 -hybridized elemental carbon. GC plates are structurally and chemically similar to carbon fibres, but easier to handle. They are thus ideal model specimens for fundamental studies on the adhesion phenomena resulting from various surface treatments aimed at increasing the strength of carbon fibre reinforced composite materials.
In order to form a strong and durable adhesive bond between any two objects, e.g., a fibre and the matrix in a composite material, pretreatment of the surfaces is often necessary. Various methods are employed, such as wet chemical or low-pressure plasma processes. However, atmospheric pressure plasma treatment generally presents distinct environmental and/or economical advantages. Recent experimental evidence 1) shows that atmospheric pressure plasmas can indeed be used to increase the strength of fibre/matrix adhesion in carbon fibre composites.
We have studied the effect of surface treating GC plates on the adhesion of the GC to epoxy resin using cold plasmas generated at atmospheric pressure in a torch-like source.
The strength of adhesion to epoxy is expected to depend mainly on surface roughness and on the presence of surface polar functional groups, in particular amino groups (NH 2 ). Since ammonia (NH 3 ) plasmas are known to promote roughening 2) and can act as a source of amino and other nitrogen containing functional groups (see ref. 3 and references therein), we compare the effect of a plasma of NH 3 diluted in He with that of a plasma generated in a flow of pure He. Optical emission spectra (OES) are presented for the two types of plasma. In addition, microscopic and profilometric measurements show microscopic roughening and etching of the surface, and evidence of the chemical modifications is determined by water contact angles and Xray photoelectron spectroscopy (XPS). Finally, the effect on adhesion is presented.
Experiment
The torch is based on the design by Koinuma et al. 4) and is operated in a ventilated box at atmospheric pressure. Figure 1 shows a schematic of the setup. The powered electrode is a 0.5-mm diameter tungsten wire placed inside a glass pipette, which serves as the dielectric barrier. The inner and outer diameters of the pipette are 5.5 and 7 mm, respectively, tapering to approximately 1.5 and 2.2 mm at the plasma outlet. Wrapped around the glass tube a strip of Al foil constitutes the ground electrode. It is connected to ground through a 50-ohm non-inductive high power resistor to facilitate measurement of the dielectric barrier discharge current. The discharge voltage and current were recorded by a digital oscilloscope which was also used to calculate the corresponding power dissipation. The total power dissipated in the torch cannot be measured directly, but we find it fair to assume that it is within the same order of magnitude as our measured power. Prior to plasma exposure the polished GC plates (65 Â 5 Â 1 mm 3 Sigradur-G, HTW Hochtemperatur-Werkstoffe) were cleaned by wiping with acetone. Samples for XPS analysis were cleaned ultrasonically for 5 min in dichloromethane followed by twice 5 min in acetone and finally 5 min in methanol.
The plasmas were generated by applying an ac voltage (typically 4 kV p{p at 14 kHz) between the electrodes in a flow of 3 l/min ($28 m/s) of He pure or premixed with 5 ml/min of NH 3 . The measured power was around 1 W. During plasma treatment, the samples were electrically isolated. A stable glow was observed between the pipette wall and the powered electrode as well as in the 5-mm gap between the torch orifice and the substrate. The light emitted by the effluent plasma was focussed by a quartz lens onto a spectrometer grating with 3600 grooves/mm (for wavelengths < 400 nm) or 1200 grooves/mm ( > 400 nm), and OES were captured by means of a charge-coupled device (CCD) camera.
Contact angles with deionized water were measured both before and after the plasma treatment to evaluate the change in surface wettability. The induced microscopic roughness of the surfaces was evaluated by intermittent contact atomic force microscopy (AFM; XE-150, PSIA). For estimating the etch rate we used a stylus profilometer (Dektak V200-Si, Veeco Instruments) with a 700-nm diameter stylus to record height profiles across treated spots on the surface.
Chemical analysis of the GC surfaces was performed using an XPS system (Sage 100, SPECS) operated at a pressure of < 10 À5 Pa. All samples were analyzed using an unmonochromated Mg K X-ray source operated at a power of 300 W at a take-off angle of 90 , resulting in a maximum probe depth of % 10 nm. The number of scans was minimized in order to prevent X-ray induced sample damage, and kept constant for all the samples. Atomic concentrations of each element were calculated by determining the relevant integral peak intensities using a linear background. The systematic error is estimated to be in the order of 5 -10%. Regional analysis was performed on the carbon 1s (C 1s), nitrogen 1s (N 1s), and oxygen 1s (O 1s) (pass energy 23 eV). The spectra were deconvoluted through curve-fitting. The technique employs 100% Gaussian components and linear background subtraction that relies on a least squares minimization routine. The binding energies were corrected by referring to the hydrocarbon component (C-C/C-H x ) at 285.0 eV. 5) A simple adhesion test was applied for the preliminary evaluation of the effect of the plasma treatment on adhesion with epoxy. A $1:5 mm thick layer of epoxy (Strong Epoxy Rapid 2806, Casco) was applied to one side of the samples and cured at 100 C for 60 minutes. Delamination was then attempted by trying to insert a blade at the interface between the GC surface and the cured epoxy.
For quantitative measurements of the strength of adhesion of epoxy to the treated surfaces, double cantilever beam (DCB) sandwich specimens produced with the glassy carbon plates were tested under the application of pure bending moments. A sketch of the DCB sandwich specimens is presented in Fig. 2 . They were prepared as follows: The GC plate was placed in a silicone mould, its treated surface facing another, heavily plasma treated GC plate. 0.5 mm thick Teflon inserts were placed at each end of the zone to be bonded, ensuring a uniform adhesive thickness. The uncured epoxy resin (Prime 20, SP Systems) fluid was mixed with the hardener (diethylenetriamine/polyoxypropylamine) at a ratio 4 : 1 and degassed under vacuum for 2 Â 15 min to remove air bubbles before being introduced between the inserts. The specimens were left in the mould for at least a day at room temperature and for 16 h at 50 C for curing the epoxy resin. Two 6 mm thick steel beams were glued to the outsides of the sandwich structure with an epoxy adhesive (Scotch Weld) to support the glassy carbon. The curing time was 24 h at room temperature. With the steel beams attached, the test specimens fit the testing fixture, which was placed under an optical microscope for observation of crack growth. Pure bending moments were applied to the DCB sandwich specimens by a loading arrangement with wires and special grips. 6) In successful experiments, the loading would cause the initiation and growth of a crack at the interface between the central layer of epoxy and the GC plate under investigation. During the test, the moment was recorded along with the opening of the cracked end of the specimen. An acoustic emission sensor taped to the specimen aided our visual detection of crack growth events and thus allowed us to record for each specimen several load/ unload cycles each associated with crack growth. The corresponding fracture energy was calculated as the critical energy release 7) using the highest moments applied during the last few cycles before failure. For this calculation the effect of resins is ignored, since their stiffness is much smaller compared to the glassy carbon plates and the steel beams. Samples for contact angle and AFM measurements and for adhesion tests were prepared for each gas composition with a total exposure time of 1 and 5 min during which the sample was manually moved continuously to achieve a quasi-homogeneous exposure of the surface in the $100mm 2 zone between $32 and 52 mm from one end of the sample. For measurements of the etch rate, one sample per gas composition was prepared by stationary exposure to the plasma in three separate areas, which were exposed for 3, 30, and 300 s, respectively. The spots with a 3-s treatment time were characterized by AFM prior to the profilometry. Both types of treatment procedures were employed for XPS samples.
Results and Discussion
If the plasma etches or erodes the glassy carbon surface then the plasma above the surface can be expected to contain a substantial amount of electronically excited carbonaceous species. Yamagata et al. 8, 9) used OES to detect such species in the plasma plumes resulting from laser ablation from various other elemental carbon surfaces. We recorded OES of the torch plasmas covering the range of wavelengths between 187 and 800 nm.
The dominant features in the spectra are due to N 2
, and He I. No signatures of carbonaceous species could be identified in the spectra, which did not depend on the distance from the substrate surface to the probed volume.
As can be seen from Fig. 3(a) , a comparison of the emission from the NH 3 /He discharge with that from the He one revealed that the NH 3 resulted in a substantially more intense NH(c 1 Å-a 1 Á)(0,0) band at 324 nm and additional bands around 336 -337 nm that may in part be attributed to the NH(A 3 Å-X 3 AE)(0,0) and (1,1) transitions. By contrast, O I lines and the OH(A-X)(0,0) band at 306.4 nm [see Fig. 3(b) ] were much more intense in the pure He discharge spectra, which also displayed a higher ratio of the intensity from N 2 þ ions to that from N 2 Ã neutrals [see Fig. 3(c) ]. The quasi-uniformly treated samples, the spots created by 3-s stationary treatment, and a cleaned, but untreated sample were imaged by AFM. The He plasma treated samples could be readily imaged in intermittent contact mode, whereas neither intermittent contact nor contact mode enabled stable imaging of the samples treated by the NH 3 /He plasma. We tentatively attribute this behaviour to patches of electrical charge on the surface possibly due to deposition from the plasma, but further studies are required in order to determine the true cause of the unstable imaging. Examples of images obtained on the untreated surface vs a He plasma treated surface are shown in Fig. 4 . The difference is immediately apparent. All images were flattened (offset) line by line to allow a meaningful evaluation of the roughness. The average root mean square roughness (r q ) measured on the untreated surface was 1.3 nm, whereas on the He plasma treated samples it was similar for the 1-min quasi-uniform treatment, 3.3 nm for the 5-min, and 2.2 nm for the 3-s spot treatments. As Fig. 4 suggests, the increase of the r q -values is composed of a small, relatively uniform roughening and an additional appearance of randomly, but less uniformly and rather sparsely distributed protrusions (''bumps'') with an apparent height of up to 50 nm. Both will naturally increase the effective surface area, but the effect of the ''bumps'' on the strength of an adhesive joint is uncertain, as their chemical composition as well as their cohesive and adhesive properties are undetermined thus far.
Several adjacent traces were measured with the profilometer across each area exposed in the stationary mode. The volume of material removed from each area was estimated by selecting from each set of such measured profiles the one displaying the deepest depression and integrating it over 180 around its centre axis, thus assuming an axisymmetric hole. The results are summarized in Table I .
The data are consistent with a constant etch rate for each plasma throughout the 300-s maximum treatment. Visually, the NH 3 /He treated samples appeared somewhat more discoloured, and ammonia is found to remarkably promote etching. The NH 3 /He mixture etched approximately 2 Â 10 4 mm 3 /s compared to the 1:2 Â 10 3 mm 3 /s of the pure He plasma.
It is interesting to compare the above data to standard lowpressure reactive ion etching (RIE) techniques applied for microstructuring surfaces. Kuhnke et al. have recently applied low-pressure RIE to the micromachining of glassy carbon electrodes for micro fuel cells with potential applications in portable electronics. 10, 11) Employing an rf oxygen plasma, they reported a maximum etch rate of 40 mm/h and an efficiency of $10 6 mm 3 /s per W of rf power with a substrate bias of 800 V at 13 Pa (100 mTorr) pressure. In our case of the atmospheric pressure NH 3 /He plasma the corresponding parameters are 110 mm/h and 2 Â 10 4 mm 3 s À1 W À1 , respectively, for an unbiased substrate. The plasma torch thus etches slightly faster perpendicular to the surface, but acts very locally and (assuming that no other power than that supplied at rf to maintain the plasma is acting in the low-pressure setup) with a relatively poor energy efficiency compared to low-pressure RIE systems.
The water contact angle () on untreated GC is $97 . On the treated samples, the angles were first measured approximately 30 min after treatment. All of the four samples (two gas compositions, 1 and 5 min total treatment) were highly hydrophilic with too small to be measured. The same was true 100 min after treatment. After 170 min, the He plasma treated samples displayed $ 5 {10 , whereas the NH 3 /He plasma treated ones had $ 12 { 24 , still significantly lower than the untreated sample. The aging mechanism has not yet been studied, but our previous experiments with plasma treated GC show that a residual effect remains even after 3 months of storage under ambient conditions.
With the above aging effect in mind, care was taken to perform XPS analysis as soon as possible after plasma treatment. All samples were transferred to high vacuum within 95 min after treatment, and XPS measurements were initiated immediately thereafter.
In Table II the elemental compositions derived from XPS of two uniformly treated, two spot treated, and one untreated sample are given. It is clear that the plasma treatment strongly increases the surface contents of oxygen and nitrogen, as expected. A slight predominance of oxygen or of nitrogen is observed with He or NH 3 /He plasma treatment, respectively. In addition, the treated samples contain some surface silicon, most likely eroded from the glass pipette. Additional information on the oxygen and nitrogen containing functional groups is obtained from the peak shape analysis of the 1s peaks of C, N, and O. 5) The results of this analysis are summarized in Table III . In addition to the main hydrocarbon peak at 285.0 eV, components at higher binding energies up to 296.7 eV appear in the C 1s signal. All treatments give rise to an increase in the components corresponding to C-OH, C-O-C, or C-N ($286:4 eV) and C=O or O-C-O ($287:5 eV), whereas the component that could be due to acid or ester groups ($289:0 eV) is enhanced mainly by the pure He plasma. The O 1s peaks after plasma treatment primarily consist of components with binding energies in the range of 531.9 -533.8 eV, which can be assigned to Ã O=C-O, O=C-O Ã , 5) or C-O groups. 12) The lowest energy ($530:8 eV) components could be due to C=O, 13) whereas the highest energy components might be attributed to adsorbed H 2 O or O 2 . 14) There are, however, several possible fits to the O 1s data, so the binding energies and weights stated in the table should only be regarded as a relatively rough indication of the peak shape. Similarly, due to the low N content, any assignment of N containing functional groups will be rather uncertain. The N 1s peak shapes observed are consistent with a mixture of C-C=O(N), C=O(N)C=O, or amide (399.8 -400.6 eV) 5) along with possibly NH 3 þ (401.5 eV), N-H (400.2 eV), and N-H···O (399.3 eV). 15) In conclusion, the predominant modifications of the surface are likely to be the production of carboxylic acid, ester, amide, and some NH 3 þ groups, with the nitrogen containing groups predominantly being produced by the NH 3 /He plasma.
The preliminary, qualitative adhesion tests showed that the epoxy resin very readily delaminates from the untreated GC surface, whereas on the samples plasma treated quasiuniformly for 5 min with either gas mixture, it was impossible to remove the epoxy cleanly using the blade.
Three DCB sandwich specimens were made for each of the three conditions applied in the above qualitative test. The specimens containing one untreated GC plate were very fragile, and two specimens, as well as a spare one, accidentally delaminated before they could be tested. Testing the one remaining we measured a critical energy release The critical energy release rate almost invariably increased monotonically as the crack propagated along the interface being tested. Although this apparent increase in fracture resistance may be an effect of toughening due to plasticity, 16) we think this behaviour is more likely to be an effect of the treatment effect not being completely localized to the area directly below the discharge plasma. This property of the treatment was confirmed by contact angle measurements. For the two specimens that ultimately failed at the interface, the applied moment required for crack propagation in the last five cycles before failure was within 17% of that of the last cycle. Also, five cycles before failure, when observed in the optical microscope, the crack appeared to cross the boundary of the directly plasma treated zone at 32 mm from the sample end. The average of the corresponding energy release rates was adopted as the fracture energy of the respective adhesive bond. For the He treated surface this value was 100 AE 8 J/m 2 , whereas for NH 3 /He treatment it was 152 AE 24 J/m 2 . The trend of the NH 3 /He treatment being more effective was observed in the cohesively failing specimens as well: the energy release rates equivalent to the maximum moments resisted by these were 108 J/m 2 for He treatment and 210 J/m 2 for NH 3 /He treatment.
Conclusions
The effect of treating GC surfaces with cold atmospheric pressure He and 0.17% NH 3 /He plasmas from a torch source was studied. The NH 3 /He plasma etched the surface approximately one order of magnitude faster than He plasma alone and at a rate comparable to low-pressure reactive ion etching. A substantial surface roughening resulted from the treatment. In addition, the water contact angle was dramatically reduced, as oxygen and nitrogen containing functional groups were introduced on the surface. The nature of these groups is somewhat uncertain, but likely to include carboxylic acid, ester, amide, and NH 3 þ groups. A larger quantity of nitrogen containing groups was introduced when NH 3 was present in the discharge feed gas, whereas, when it was absent, oxygen was more abundant. This variation correlates well with the predominant observation of NH in the NH 3 /He plasma and of atomic oxygen and OH in the He plasma. The modification of the surface led to at least a 12fold increase in the adhesion energy of the GC to epoxy with pure He plasma treatment and at least a 19-fold increase with the NH 3 /He plasma treatment.
